The protection equipment of slipping tramcar in inclined shaft is the important safety equipment to ensure safety production in mine transportation and equipment. The Slipping Tramcar Prevention Equipment is mainly composed of an intercepting door and a buffering system, in which an energy absorber is the key component. The braking dynamic model of the energy absorber is studied by establishing a Lagrange equation and simulating the braking progress by the software of Simulink. The braking simulation distances curves of the energy absorber are obtained under the different initial conditions of tramcar mass and velocity, which shows that the tramcar velocity and mass both have a significant influence on the braking distance. The analysis on variance and range is developed for further comparison on the two key factors implying that tramcar mass is of the most great importance. Moreover, a braking distance formula is built based on the analysis results. On the other hand, field experiments are conducted in Qishan Mine, and experiment results show that the maximum error between the braking distance formula value and the experiment value is 11.98%, and the minimum error is 2.72%. The experimental results are consistent with the theoretical results.
Introduction
The inclined shaft transportation is one of the most important parts in production and transportation in coal mine, used for conveying workers, coal, and mining tools. The multitramcar transportation is the key method in the inclined shaft transportation, and the accidents caused by the tramcars in the inclined shaft often occur, during the coal mine production, approximately accounting for 22.1% in mine accidents, bringing a serious influence on safety of production and progress of shaft construction [1, 2] . So the research on the structure and braking abilities of the slipping tramcar Prevention equipment is of great importance to the protection for the safety of production in the inclined shaft of the coal mine and will provide a theoretical guidance and methodology for the optimal design of the slipping tramcar Prevention equipment [3] [4] [5] .
A number of researchers all over the world have made a great number of studies on the slipping tramcar Prevention equipment. Wen-Hai developed a nonlinear model of collision between the flexible intercepting door and the tramcar, analyzed the vibration characteristics of the tracks, using a vibration coupling model of the track and tramcar, and presented the best installation position of the limiting device to control the vibration of the track which is in the middle of the track [6] [7] [8] . Ling et al. established a three-dimensional dynamic analysis model of the tramcar in high speed to study problems of the tramcar's derailment in detail. In particular, the derailment status and track deformation were analyzed [9] . Zhang and Wu established a simulation model of the transportation of the inclined shaft based on mathematical statistics and field test, and the analysis results were applied to make an improvement on existing transportation system [10] . Johnston et al. put forward a step by step energy absorber device and carried out a field test to identify the performance characteristics and dynamic response of the equipment [11] . The mining institute of the UK obtained some geometry optimization parameters of the track through the analysis on track transportation accidents and considered that the improved orbit parameters can be helpful to effectively avoid track derailment accidents [12] and carried out a field test on the slipping prevent equipment, based on a step by step energy absorber, with the National Institute for coal mining of the Administration of the UK [13] . Belforte et al. and their team established a numerical dynamic model of track to analyze the working performance, including the track's horizontal and vertical dynamic characteristics. The analysis on instantaneous state vectors of tramcar and track in interaction with each other has been conducted through a numerical simulation software [14, 15] . However, few researches conducted on braking characteristics of the slipping prevent device and its braking performance, especially on the sectors on braking distance. A series of braking curves in different initial conditions are presented, and the comparison between the field test and simulation demonstrates the efficiency of the dynamic model of the slipping prevent device in this paper. The braking characteristics of the energy absorber are studied theoretically and experimentally to guide the design optimization of the slipping prevent device.
The Structure and Working Principle of the Slipping Tramcar Prevention Equipment
The slipping tramcar Prevention equipment is composed of an intercepting door and a buffering system. The intercepting door includes the intercepting curtain and support framework, as shown in Figure 1 . The support framework looks like a door frame, including two stand columns fixed on both sides of the track symmetrically, in the inclined shaft. In particular, a hoist motor is fixed on the steel beam of the support framework. The flexible and compound intercepting curtain are composed of four wire ropes and four steel pipes. And the wire ropes are connected crossly with the steel pipes by soldering. In addition, the intercepting curtain is connected with the buffering system with the braking ropes. When a slipping tramcar accident occurs, the intercepting door has an direct impact on the slipping tramcar, protecting the tramcar body and delivering the shock energy to the buffering system. The hoist motor fixed the steel beam of the support framework is made to hoist the intercepting curtain, like a roller shutter. The buffering system plays a major role in absorbing kinetic energy caused by slipping tramcar. And the energy absorber as shown in Figure 2 , consuming the shock energy through the close-packed friction plates, is the key component of the buffering system containing two energy absorbers.
The support pedestal of the energy absorber is fixed on the roadway of the inclined shaft with foundation bolts. Generally speaking, the problems, including friction discs' abrasion, temperature's rising sharply, and pressure's instability, can be improved effectively by configuring more disc springs and friction plates in the energy absorber. Normally, the braking rope is preloaded by the adjusting nut, to absorb the temporary impact energy, reducing the injury on the energy absorber and improving safety performance. Normally, when the tramcar is coming, the hoist motor will hoist the intercepting curtain. After the tramcar passing completely, the hoist motor drops the intercepting curtain down through the hoisting wire rope. However, when in accident, the tramcar happens to slip down the track, and the hoist motor cannot hoist the intercepting curtain to prevent the slipping tramcar in time. Meanwhile, the intercepting door slows the slipping tramcar down to stop it through the braking rope rolled on the energy absorber because the braking rope rotates the roller to make the friction plates rub each other.
Braking Dynamic Model of Energy Absorber

Force Analysis of Energy Absorber.
A braking dynamic model of the braking progress was developed for the energy absorber, according to the primary analysis on the slipping tramcar Prevention equipment shown in Figure 3 . Obviously, for easier analysis in this dynamic model, the energy absorber can be simplified as a braking force, . Similarly, a preload force 1 is put to weaken the vibration caused by temporary shock from the slipping tramcar. In the model, the slipping tramcar is also controlled by the friction 2 caused by the track and the force down the inclined shaft exhibited in Figure 3 .
According to the dynamic model depicted in Figure 3 , in the braking progress, the braking work can be simplified as
where = 2 1 + . In particular, is a pulling force of the braking rope from the intercepting door, when slipping tramcar accidents occur.
Accordingly, the Lagrange motivation function of the tramcar is given as
where is the generalized coordinates, = − the Lagrangian function, the generalized force in the generalized coordinates, and and the kinetic function and potential function. Figure 4 shows the displacement change of the braking wire in the braking progress, and Figure 4 (a) shows the initial condition of the braking progress; is the length of the braking wire between the tramcar and the energy absorber. Figure 4 (b) shows the distance change of the braking wire compared with the initial condition, and 1 is the displacement of the tramcar and 2 is the displacement of tangent point of the braking wire on the roller of the energy absorber in the braking progress. Under this circumstance, the kinetic energy of the whole braking system is expressed as
where 1 is the kinetic energy of the energy absorber, 2 the kinetic energy of the slipping tramcar, and 3 the kinetic energy of the braking rope. The potential energy can be expressed as
where is the elastic coefficient of the braking rope, 1 the displacement of the tramcar, the radius of the roller of the energy absorber, the angular displacement of the energy absorber, the linear density of the braking rope, and is the initial length.
According to the principle of virtual work, in the generalized coordinates, the generalized forces are expressed as
where [∑ ] is the elementary work, and 2 the friction on the slipping tramcar from the track. Accordingly, in the braking progress, it is supposed that the length change of the braking is linear, and 1 is the displacement of the tramcar, and 2 the line displacement of the roller of the energy absorber. Under this circumstance, the dynamical equation of the buffering system is given as (6), and the matrix of the function can be expressed as
where { } is another generalized coordinates matrix. Accordingly, the dynamic equation of the buffering system is further transformed as follows: Figure 5 shows the braking dynamics simulation model of the energy absorber based on the functions (6) and (7) in which and V both are the input signals. represents the force of the braking rope, and V is a binary signal. When the velocity of the tramcar exceeds 0, signal V will present 1. is the output signal of state flow, and the logical control module of the simulation system. Two exclusive-OR gates represent the locking and slipping states of the tramcar. When the simulation system is in static, a blank signal, the default, will be input into state flow. When the external force exerted on the tramcar exceeds the friction force from the track, the signal will be activated instantly.
Braking Dynamic Simulation of Energy Absorber.
Working Condition Simulation of Energy Absorber and Test Verification
Given the complex working conditions and the various simulation modes of the slipping tramcar Prevention equipment, more accurate and comprehensive working parameters must be taken into account seriously, directly affecting the accuracy of output and the validity of the subsequent analysis and field test.
Working Condition Simulation of Energy
Absorber. This simulation model of the system is presented in Figure 5 . According to "the Coal Industrial Standard MT933-2005" and the actual working conditions, in order to improve the dynamic and static performance of loading of the braking system, the technical parameters of the tramcar and the energy absorber are shown in Table 1 .
Figures 6(a)-6(e) show the braking distance change curves of tramcars of 1000 kg, 2000 kg, 3000 kg, 4000 kg, and 5000 kg, respectively. In consideration of the comparative analysis on the key characteristics on the braking distance in the buffering system, tramcar braking distance change curves of different velocities and different mass are shown in Figures 7 and 8 , respectively. It can be easily be concluded that the tendency of the braking distances and the slopes of tramcar braking distance change curves increase gradually as the velocity of the slipping tramcar of same mass. On the other hand, the tendency of the braking distance increases linearly gradually as the mass of the slipping tramcar in the same velocity, as shown in Figure 8. 
Results and Analysis of Braking Distance.
After comprehensive analysis of Figures 5, 6 , and 7, it is clear that both of velocity and mass are of great importance to the braking distance of the slipping tramcar. So the work that remains to be done is to analyze and study the variance of the influence of velocity and mass on the braking distance, according to the data of Table 3 extracted from Figure 6 . In particular, the factors of Table 3 are presented in Table 2 . Table 4 shows the variance analysis of tramcar braking distance. Obviously, it can be seen that the sum of squares of deviations, mean square deviation, and the value of the factor , tramcar mass, are 77.07, 19.27, and 15.95, respectively. And the sum of squares of deviations, mean square deviation, and the value of the factor , tramcar velocity, are 38.53, 9.6, and 7.98, respectively. After the comparative analysis on the data above, it is easily concluded that factor is twice as factor on the braking distance, not obviously demonstrating the differences of two factors in the way of variance. Accordingly, more detailed analysis on mass and velocity range of tramcar remains to be done. Table 5 shows the mass and velocity range analysis of the tramcar in the braking system. It is clear that the analysis result implies that is 5.02 and , 3.52. Namely, the range of the mass of the tramcar is much more than the range of the velocity. Hence, a conclusion can be conducted that the factor , namely the tramcar mass, has a more significant influence than the factor , the tramcar velocity. So, although the dynamic model of braking system is complicated, the tramcar is still the most important vector in the braking progress of the slipping tramcar. Therefore, an equation of the braking distance was developed as
where , , are equal to 2.6051 × 10 −6 , 1.067, and 1.9978, respectively, based on the analysis of the data in Tables 2, 3 
In particular, the relation of slipping distance and tramcar velocity V can be expressed as
where V 0 is the initial velocity of the tramcar, is the force arm of the roller friction on the tramcar, and is the angle of the inclined shaft. Accordingly, (10) can also be presented accurately as Table 6 shows the comprehensive comparison between the output values of braking distance equation (10), assigned from Table 3 , and the simulation results. It is clear that the maximum error and the minimum error are 0.96% and 0.02%, respectively.
Braking Distance Experiment Analysis of Energy Absorber.
An experimental system as shown in Figure 9 was established in Qishan Mine of Xuzhou mining group, to test the safety performance and the analysis results above. Accordingly, the experiment test on the buffering system was conducted as shown in Figure 10 , according to "the Coal Industrial Standard MT933-2005" and the experiment parameters shown in Table 7 .
No-Load Running Test of Tramcar.
According to the way adopted in "the Coal Industrial Standard MT933-2005", the tramcar in a resting state in the inclined shaft broke away from the hoist rope and started to slip down the track, because of the gravity. The slipping tramcar Prevention equipment got activated, when the velocity came to the minimum of the activation velocity. The equation of length of the inclined shaft and the minimum of the activation velocity can be expressed as
where and are the length and angle of the inclined shaft, respectively, and V and are the minimum of the activation velocity and travelling resistance coefficients of the tramcar, respectively.
Full-Load Running Test of Tramcar.
The full-load tramcar was weighed and the error range is within ±5%. The relation equation of the kinetic energy of the tramcar and length of the inclined shaft is given as
where and are the length and angle of the inclined shaft, respectively, and and are the kinetic energy and traveling resistance coefficients of the tramcar, respectively. pulled length of the braking rope. So, the braking length can be measured by the rolled angle of the roller of the energy absorber. And the results of the measurement of the braking length are shown in Table 9 . And the factors of the slipping tramcar are shown in Table 8 , and "-" implies that the data in the blank was not collected.
Measurement of the Braking
Data Analysis and Processing of Braking Distance.
In comprehensive analysis of the measured length of the experimental test and simulation, it is clear that the results of the experimental test and simulation have significant differences as shown in Figure 11 , to some extent. On the other hand, the processing results in Table 10 show that the maximum and minimum error between the experimental result and the theoretical calculating value are 11.98% and 2.72%, respectively. But the error is reasonable because of some contingency factors. Therefore, the models of the braking length and the energy absorber are valid.
Conclusion
Based on the actual working condition, a dynamic model of the energy absorber was established through the Lagrange equation. The braking characteristics of the protection equipment of slipping tramcar in inclined shaft are analyzed by Simulink, a dynamic analysis software. A conclusion was drawn that tramcar mass and velocity are the key factors on the braking length of the slipping tramcar, especially that the tramcar mass has a more significant influence on the braking result in the paper, according to the range values of the simulation and experimental data; namely, > , as shown in Table 5 . Also, the models of the energy absorber and the equation of the braking distance were proved to be valid through comprehensive comparison analysis on the experimental test and theoretical calculation.
